Abstract: Anion activated adiabatic polymerization of ε-caprolactam was investigated in the presence of various quantities of nano-SiO 2 . The parallel processes of crystallization and polymerization are separated first. Based on the crystallization kinetics and electron microscopic investigations it was shown that nano-SiO 2 particles are heterogeneous nuclei for the crystallization of poly-ε-caprolactam. Further the time dependence of mean length of amorphous polymer macromolecules is determined experimentally.
Introduction
Addition of nanofillers in every reaction media can lead to changes in the mechanism of chemical reactions. For polymerization process, depending on the polymerization mechanism (radical, ionic and etc.) the nature of the filler can influence the rate of all elementary acts-initiation, growth and termination of the chains, up to complete changes of polymerization mechanism. At the same time, for crystalline polymers, nanofillers can influence the rate of crystallization both during polymerization and crystallization of their melt. Indeed in a number of works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] sufficiently strong influence of nanofillers on both the rate of polymerization and the rate of crystallization are carried out.
For example in the works [1] [2] [3] [4] it was shown that nanofillers of montmorillonite [1, 2] , tetracthoxisilane [3] , and quartz [4] enhance curing kinetics of epoxy compounds. As shown, nano-quartz, along with enhancing curing kinetics, increases the cross-linking density as well [4] . Similar results have been obtained during synthesis of thermoplastics from nano-composites. For example, crystallization rate is enhanced three times during polymerization of ethylene terephalate [5] by addition of nano-clay (5%). Presumably, this crystallization rate increase is connected with the involvement of nano-clay in the heterogeneous nucleation processes. Actually, the results of the non-isothermal crystallization of nano-composites as obtained by the introduction of montmorillonite into the polyethylene melt do confirm the possible participation of nanofillers in heterogeneous nucleation. Obviously experimental data [6] on the kinetics of non-isothermal crystallization of nanocomposites collected by the way of adding montmorrilonite to melted polyethilene, are confirming nanofillers to play a possible role in heterogeneous nucleation. Crystallization of polylactide [7] , nylon-6 [8] and polymerization rate of urethanes [9] also increases in the presence of nanomontmorillonite. Particularly, it was shown that the kinetics of isothermal crystallization of nylon-6 is determined not only by the nanofiller, but by the addition of already finished nanocomposite nylon-6/montmorillonite [8] into the polymer media.
Thus, from the above cited works it follows that many nanofillers could influence both the polymerization and the crystallization kinetics of the polymers formed. An essential question arises: on which process (polymerization or crystallization) nanofillers can influence dramatically, if formed polymer can crystallize during the polymerization, and how to determine experimentally the change of polymerization and crystallization kinetics. This problem becomes especially crucial when kinetics of total exothermic process is being studied by thermometrical technique, for example by the isothermal or adiabatic calorimetry. Obviously, in such cases measured total evolved heat is summed up from components of polymerization and crystallization, that is why the study of the mechanism of nanofiller influence on the mentioned processes have many technical troubles.
Anion activated polymerization of lactams -having practical interest for producing various articles by chemical forming method -is a concerted process example of crystallization and polymerization. Even in earlier works on anion activated polymerization of lactams [14, 15] self-heating was observed as a result of polymerization and crystallization exothermic processes during polymer formation. Temperature could reach as high as 90-92 0 C although the polymerization heat effect is rather low (e.g., for ε-caprolactam it equals only 13.4 kJ per mole). Here, exothermic crystallization of the formed poly-ε-caprolactam (heat effect equals 25 kJ per mole) concurrently was held along with polymerization. This heat effect has its share in total temperature elevation. Also, it is known [14] [15] [16] [17] [18] [19] that when the process is initiated at >150 0 C then the crystallization of poly-ε-caprolactam starts after the full completion of polymerization. Below that temperature polymerization of ε-caprolactam and crystallization of the formed poly-ε-caprolactam are running concurrently. However, definite problems during study of impact of nanofillers on the concerted polymerization and crystallization processes do evolve.
The objective of this work is to study of the influence of nanofillers SiO 2 on the kinetics of anionic adiabatic polymerization of ε-caprolactam in parallel to the processes of polymerization and crystallization.
Results and discussions

Separation of polymerization and crystallization processes
Current experiment technique is described in more details in literature [24] [25] [26] .
During the adiabatic anionic activated polymerization of ε-caprolactam the increase of reaction temperature is simultaneously due to the polymerization and the crystallization processes [18, 19, [23] [24] [25] 
where c is the specific heat capacity and ρ is the density of the reaction mixture, T is the actual temperature of the reaction medium, Q p and Q c are the specific heat of polymerization and crystallization, respectively, n and n c are the quantity of the synthesized polymer and its crystallized part, respectively, t is time. The initial conditions of equation (1) are t=0, T=T 0 , n=n c =0.
If we assume that the Q p /cρ, Q c /cρ ratio remains constant and they are temperature and conversion independent [18, 26, 27] , then integration of Eq. 1 results in:
In Eq. (2) T 0 is the initial temperature of the reaction media. The conversion (α) and the degree of crystallization (β) are determined as follows:
Here M 0 and M are the initial and current monomer concentrations, respectively. Eq.
(2) can be rewritten taking into account (3):
Polymerization occurs without simultaneous crystallization at temperatures T 0 ≥150 °C. Under such conditions ß=0 at all times and Eq. (4) can be written as:
The validity of Eq. 
Then, taking into account the expressions (5) and (6), for
we could obtain ~4.9.
On the other hand the linear dependence in the coordinates of equation (5) shows that the value of the ratio Q p /cρ during the separate polymerization is constant.
Assuming that in case of simultaneous polymerization and crystallization the value Q p /cρ also remains constant Eq. (6) can be used to estimate the temperature increase due to polymerization from α. For this end, we used experimental results from polymer yield vs. time relationship presented in Table 1 .
Experimental temperature rises (curves 1-3) under conditions where polymerization and crystallization occur simultaneous are presented in Fig. 2 together with the calculated (Eq.(6)) temperature rises due to polymerization alone (curve 4). Curves 1-3 in Fig. 2 are the sum of the effects due to polymerization and crystallization. Curve 4 shows the temperature increase due to polymerization deduced from Eq. (6), based on conversion obtained from gravimetric studies. Beside the curve for the neat polymer, 1, results for different amounts of nano SiO 2 are presented in curves 2 and 3. Next, kinetic curves of adiabatic crystallization were obtained by subtracting curves 1-3 and 4 (curve 1-3, Fig. 4 ).
Obtained results confirm that SiO 2 has no impact on polymerization kinetics (Fig. 2 , curve 4).
Juxtaposition of expression (4) with kinetic curves of Fig. 2 shows that the linear expression (4) holds ( 
Discussion of results
From curve 1, 2 and 3 ( Fig. 2) it follows that temperature elevation is faster for the samples with increased content of SiO 2 , which means that adiabatic crystallization rate increases. It is interesting to note that the difference of kinetic curves (Fig. 2) begins to be observed after some 10 min from the polymerization start. This is explicable from the point that the nanofiller, SiO 2 , do increases the rate of crystallization of the formed polymer while it has no impact on polymerization kinetics. As it could be seen from Fig. 4 , nanosized SiO 2 has an impact not only on the initial but on the running crystallization rate as well. However, the adiabatic heating limiting temperature is independent of the quantity of added SiO 2 . Data on Fig. 2, 4 could be interpreted as nano particles serving as heterogeneous nucleus of crystallization. That is why the higher the concentration of nano filler the higher the total crystallization rate is. Juxtaposition of Fig. 5a and 5b shows that at the initial stages the number of nuclei is considerably higher than in the presence of nano SiO 2 , which confirms the supposition about heterogeneous nucleation of crystallization under the impact of nano SiO 2 .
It is interesting to note that the morphology of the final crystalline poly-ε-caprolactam with 5% nano SiO 2 is the same as the conventional block poly-ε-caprolactam [25] (Fig. 6) . The conventional poly-ε-caprolactam was obtained by adiabatic polymerization without addition of nano SiO 2 . It has to be stated that crystallization-initiation-time-lag as compared with polymerization ( Fig. 2 curves 1-3) is related to the formation of poly-ε-caprolactam (Fig.2, curve 4 ) with molecular mass capable to enter into the crystalline structure interstices.
Comparison of the time of initiation of crystallization (Fig. 4, curves 1-3 ) with the polymerization kinetics (Fig. 2, curve 4) allows determining the critical length of poly-ε-caprolactam macromolecules when crystallization starts. From Fig. 2 and 4 it follows that conversion -corresponding to initiation of crystallization -is ca. 0.1. Hence, supposing that the activator is depleted at the initial stages of crystallization, for the critical length of macromolecule (P p ), which corresponds to initiation of crystallization, we get:
Where α i = 0.1 is conversion, corresponding to crystallization initiation; M 0 =9.54 mol per l and A 0 =3.35·10 -2 mol per l are the initial concentrations of monomer and activator, respectively. From Eq. (8) mean length of macromolecules at the beginning of crystallization can be estimated as P p =28. P p -Is the critical value of chain length, so chain shorter than P p will not crystallize.
Critical length of growing macromolecules (polymer is in amorphous phase), which participate during formation of crystalline polymer, could also be possible to determine. Obviously, during polymerization, the fraction of amorphous polymer equals to (α -β)M 0 (where β is the degree of crystallinity). Then, for the mean length (P pα ) of macromolecules of amorphous polymer we obtain:
where α and β are determined by (7):
Juxtaposition of the experimental results of Fig. 2 (curves: 1-4) and Fig. 4 (curves: 1-3) with the expressions (7) and (9) allows to determine P p at any polymerization time-point. Data from [18, [28] [29] [30] have been used for Q p and Q c determination. Q p was determined from Fig.1 and Q c (not Q c ) could be obtained from Fig. 3 .
The time dependence of P p,a at various SiO 2 content is shown in Fig. 7 . As it follows from Fig. 7 , P p,a kinetic change is practically independent of SiO 2 quantity, which, as it was already said, is linked with their participation in heterogeneous nucleation only. Self-excited acceleration of P p,a over time is associated with adiabatic reaction temperature elevation which influences more on polymerization than on crystallization .
Conclusions
Analysis of separation of polymerization and crystallization processes occurring in parallel and electron-microscopic studies have shown, that addition of nano-SiO 2 up to 5% (mass percent from monomer) has no impact on the kinetics of anion adiabatic polymerization of ε-caprolactam. The kinetics of crystallization of poly-ε-caprolactam is influenced by SiO 2 additive as it participates in nucleation. The dependence of average length of amorphous polymer on time of polymerization (Fig. 7) is additional confirmation of heterogeneous nucleation of the nanofiller-SiO 2.
Experimental ε-caprolactam (Aldrich) was twice re-crystallized from benzene, dried at 50 0 C (T melt = 68.5-69 0 C 1 torr), and stored in vacuum-tight glass ampoules.
The catalyst, Na-ε-caprolactam was produced by interaction of metallic Na with ε-caprolactam [19] and used as 14 wt% salt solution in ε-caprolactam. The activator, Na-acetyl-caprolactam was synthesized according to [20] , (T melt = 84 0 C 2 torrs).
Polymerization of ε-caprolactam was carried out adiabatically as described in [19] . Reaction mixture's initial temperature was kept below 150 0 C as adiabatic polymerization and crystallization proceed concurrently at these temperatures [17] [18] [19] . Many techniques are described in literature to separate polymerization and crystallization reactions taking place concurrently. In this work, the technique described in [21] [22] [23] was applied. Actually, polymerization was carried out in thinwalled glass ampoules of 30 mm diameter placed in the cell of the adiabatic calorimeter. Reaction was interrupted by rapid cooling of the polymerizing samples with liquid nitrogen. However, the reaction in the sample center stops only with some time lag. This is because of large sample diameter and low thermal conductivity of the reaction mixture. Therefore, only polymeric sections at 3-5 mm depth from the outer diameter were taken as samples for the polymer yield and for the poly-ε-caprolactam morphology studies. For quantitative analysis, poly-ε-caprolactam, yield was determined gravimetrically after 6 h extraction of the polymer in water.
Morphology of poly-ε-caprolactam samples at various polymerization stages was investigated by electron microscopy.
Sigma Aldrich nano-sized spherical silicone dioxide SiO 2 (10 nm) was used as filler material. Before use, the SiO 2 has been dried under reduced pressures at 70 0 C for 6 h.
